Abstract 4-Oxo-N-(4-hydroxyphenyl)retinamide (4-oxo-4-HPR) is a recently identified metabolite of fenretinide (4-HPR). We explored the effectiveness of 4-oxo-4-HPR in inducing cell growth inhibition in ovarian, breast, and neuroblastoma tumor cell lines; moreover, we investigated the molecular events mediating this effect in two ovarian carcinoma cell lines, one sensitive
Introduction
Retinoids are natural and synthetic derivatives of vitamin A (retinol) that play an important role in different cellular processes, including proliferation, differentiation, and apoptosis (1) . Retinoids exert their biological effects through the binding and transactivation of retinoic acid receptors (RARa, RARh, and RARg) and retinoid X receptors (RXRa, RXRh, and RXRg; ref. 2) . However, these activities do not explain all their growth-inhibitory and apoptotic effects (3) .
A large number of synthetic retinoids have been investigated in preclinical models, and clinical data have already supported the potential of these compounds as cancer preventive and therapeutic agents (4, 5) . One of the major limits in the clinical use of retinoids is their toxicity. N-(4-hydroxyphenyl)retinamide (4-HPR), an amide of all trans-RA is, unlike other retinoids, well tolerated in humans (6) (7) (8) and has already shown promising results in preneoplastic and neoplastic conditions. Preneoplastic diseases, including oral leucoplakia (9, 10) , lichen planus (11) , and actinic keratoses (12) , have been successfully treated with this retinoid. In a trial in women operated on for early-stage breast cancer, 4-HPR prevented second breast malignancies in premenopausal women (6) and, during the 5-year intervention period, it reduced the occurrence of ovarian carcinoma (7) . Promising preliminary results have recently been obtained with this retinoid in a phase I trial in children with neuroblastoma (8) . 4 -HPR has been shown to inhibit the growth and induce apoptosis in a variety of human tumor cell lines (13) . Although 4-HPR has been shown to be a selective activator of RARg and, to a lesser extent of RARh (14) , the role of RARs in 4-HPR tumor growth-inhibitory effects is still controversial. 4-HPR can induce apoptosis and growth inhibition by both RAR-dependent and RAR-independent pathways (15) , and among RAR-independent effects, reactive oxygen species production (16, 17) and increase in ceramide levels (18, 19) have been shown.
To date, two metabolites of 4-HPR have been identified: N-(4-methoxyphenyl)retinamide (4-MPR) and 4-oxo-N-(4-hydroxyphenyl)retinamide (4-oxo-4-HPR). 4-MPR, the most abundant metabolite in human plasma (20) , has been found to be ineffective in inducing cell growth inhibition (21, 22 ). 4-Oxo-4-HPR, a recently identified polar metabolite, is an oxidized form of 4-HPR with modification in position 4 of the cyclohexene ring (20) . The compound was found in the plasma of patients treated with 4-HPR and formed in tumor cells through the induction of CYP26A1 enzyme (20) .
The present study was designed to evaluate the ability of 4-oxo-4-HPR to induce cell growth inhibition and to explore some aspects of its growth-inhibitory effects. Our results indicate that 4-oxo-4-HPR is more effective than 4-HPR in inhibiting the growth of ovarian, breast, and neuroblastoma cell lines; is not cross-resistant with 4-HPR; and interacts synergistically with 4-HPR. The antiproliferative effect of 4-oxo-4-HPR is due to modulation of cell cycle regulator proteins associated with marked G 2 -M cell cycle arrest, induction of apoptosis via activation of the caspase cascade, and enhancement of intracellular ceramide level. Furthermore, we suggest that 4-oxo-4-HPR exerts its effect on cell growth via retinoid receptor-independent mechanisms.
Materials and Methods
Cell culture conditions, drugs, and chemicals. Human ovarian, breast, and neuroblastoma tumor cells lines were tested for their sensitivity to 4-oxo-4-HPR, 4 . Cells were cultured in monolayer in the following media: RPMI 1640 (ATCC) containing 10% fetal bovine serum for A2780, A2780/HPR, OVCA432, IGROV-1, SKOV-3, SK-N-BE, and GI-LI-N; RPMI 1640 containing 10% fetal bovine serum and 0.25 unit/mL insulin for T47-D, BT-20, MCF-7, and MD-MBA-231; modified RPMI 1640 (ATCC) containing 20% fetal bovine serum for OVCAR-3; E-MEM (ATCC) containing 10% fetal bovine serum for OAW42, SK-N-MC, and SK-N-SH; MCDB105 and M199 (1:1, respectively; Sigma, St. Louis MO) supplemented with 15% fetal bovine serum for TOV-21G. All cell lines were incubated at 37jC in 5% CO 2 .
4-HPR and 4-MPR (provided by Dr. Crowell, National Cancer Institute, Bethesda, MD) were dissolved at 10 mmol/L in DMSO, whereas 4-oxo-4-HPR, synthesized as previously described (20) , was dissolved at 10 mmol/L in absolute ethanol. The RARa antagonist CD2503 and the RARh/g antagonist CD2848, provided by Galderma (Sophia Antipolis, France), were dissolved at 10 mmol/L in DMSO. All procedures were carried out under subdued light. In each experiment, control cells were treated with the same amount of DMSO or ethanol as treated cells.
Growth inhibition assay. Cells (7 Â 10 3 per well) were seeded onto 96 cluster tissue culture plates and treated the next day with 0.3, 1, 3, 5, and 10 Amol/L 4-oxo-4-HPR, 4-HPR, or 4-MPR. Seventy-two hours after treatment, cell number was estimated by using the sulforhodamine B assay (23) . The sulforhodamine B assay was linear in the range of the optical densities values observed for not treated cells (corresponding to 100%) and cells treated with the highest dose (10 Amol/L; corresponding to 1-10% of controls). Because the sulforhodamine B assay is capable of measuring cytotoxicity only over a 2 log range, cell count using a Z2 counter (Beckman Coulter, Fullerton, CA), was used in combination experiments testing the effect of high doses. Analysis of drug interaction was done by a modified method of Drewinko et al. (24) . Drewinko index (DI) was calculated as follows: SF1 Â SF2/SF1-2, where SF1 and SF2 are the surviving fraction of cells exposed to compound 1 and 2, respectively, and SF1-2 is the surviving fraction of cells exposed to compound 1 in combination with compound 2. DI >1 indicates greater than additive effects (i.e., synergism), DI = 1 indicates additivity, and DI < 1 indicates antagonism.
Cell cycle analysis. For analysis of cell cycle distribution, cells (9 Â 10 5 ) were plated into 100-mm tissue culture dishes and at f30% confluence treated with 5 Amol/L 4-oxo-4-HPR or 4-HPR. Twenty-four hours after the treatment, floating and attached cells were collected and washed twice with cold Dulbecco's PBS, fixed in ice cold 70% ethanol, and stored at À20jC until the use. Subsequently, cells were rinsed with Dulbecco's PBS and incubated for 1 hour in the dark with PBS containing 20 Ag/mL propidium iodide (Sigma) and 1 mg/mL RNase A (Sigma). Cell cycle analysis was done using FACScan flow cytometer (Becton Dickinson, San Jose, CA). The percentage of cells in different phases of cell cycle was determined by ModFit LT cell cycle analysis software (Verity Software House, Topsham, ME).
Apoptosis assays. Fragmentation of DNA was determined by photometric enzyme immunoassay using Cell Death Detection ELISA plus kit (Roche, Penzberg, Germany) according to the manufacturer's instruction. Briefly, cells (1 Â 10 4 per well) were seeded in 96-well cell culture plates and treated the day after with 5 and 10 Amol/L 4-oxo-4-HPR or 4-HPR for 24 hours. Adherent and floating cells were then lysed and centrifuged and cytoplasmic fractions containing fragmented DNA were transferred to streptavidin-coated microtiter plates and incubated for 2 hours at room temperature with a mixture of anti-histone-biotin and anti-DNA-peroxidase antibodies. Quantitative determination of the amount of nucleosomes by the peroxidase retained in the immunocomplex was determined photometrically with 2,2V -azino-di-[3-ethylbenz-thiazoline-sulfonate-6-diammonium salt] as peroxidase substrate. DNA fragmentation in control and treated cells was expressed as absorbance at 405 nm.
Activation of caspase-3, caspase-9, and caspase-8 proteases was determined using the caspase-3, caspase-9, and caspase-8 colorimetric assay kits, respectively (MBL International, Woburn, MA). Briefly, cells (8 Â 10 5 per well) were plated in six-well cell culture plates and treated the day after with 5 and 10 Amol/L 4-oxo-4-HPR or 4-HPR for 24 hours. Whole-cell lysate from adherent and floating cells was centrifuged and the supernatant assayed for protein concentration. An aliquot of 200 Ag proteins was incubated for 1 hour at 37jC with the p-nitroanilide (pNA)-labeled caspase-3-specific substrate (DEVD/pNA), or pNA-labeled caspase-9-specific substrate (LEHD/pNA), or pNA-labeled caspase-8-specific substrate (IETD/pNA). Cleavage of the caspase substrates by active caspases and the release of pNA were quantified in control and treated cells by measuring absorbance at 405 nm.
Determination of reactive oxygen species. Production of reactive oxygen species (ROS) was detected by use of the oxidation-sensitive dye 5-(and-6)-chloromethyl-2V ,7V -dichlorodihydrofluorescein diacetate (CM- Immunoblot analysis.
Western immunoblots were prepared to analyze the protein levels of p21 WAF1 (Neomarkers, Union City, CA); p53 (DAKO, Glosturp, Denmark); cyclin A, cyclin B1, cyclin D1, cyclin E, cdc25c, p16, and cyclin-dependent kinase 1 (cdk1; Santa Cruz Biotechnology, Santa Cruz, CA); phospho-cdk1 (New England Biolabs, Ipswich, MA); and actin (Sigma). Briefly, cells were treated with 5 Amol/L 4-oxo-4-HPR or 4-HPR for 24 hours and then lysed in Laemmli sample buffer containing 5% h-mercaptoethanol and boiled for 3 minutes. Aliquots containing 40 Ag of total cell proteins were fractionated on SDS-PAGE, and the proteins were transferred onto nitrocellulose membranes (Amersham, Arlington Heights, IL). Membranes were blocked in 5% nonfat milk powder (w/v) in TBS containing 0.1% Tween 20 for 1 hour at room temperature and then probed using the abovementioned primary antibodies. After an overnight incubation at 4jC, membranes were washed in TBS and incubated with the appropriate peroxidase-conjugated secondary antibody. Specific complexes were revealed by chemiluminescence according to the enhanced chemiluminescence Western blotting detection system kit (Amersham).
Nuclear retinoid receptor binding assay. Competition of retinoids with [
3 H]RA for binding to RARa, RARh, and RARg was determined using an in vitro ligand binding assay as previously described (25) . Briefly, recombinant human RARa was expressed as a fusion protein in Escherichia coli, and the human RARg and murine RARh proteins were expressed in insect cells by infection with baculovirus expression vectors followed by the preparation of nuclear cell extracts. Radiolabeled ligands (f70 Ci/mmol) were added to receptor-containing extracts (RAR, 2-3 nmol/L) in the absence and presence of increasing concentrations of competing ligands followed by the separation of ligand bound to receptor from that free in solution using a hydroxylapatite assay.
Measurement of RA responsive element transactivation. A2780 cells, which express all three RAR subtypes (26) , were seeded (3.5 Â 10 5 per well) in a pGL3-promoter vector (Promega, Madison, WI) containing, upstream the firefly luciferase reporter gene, the nucleotides À87 to À23 bp carrying a RA responsive element (RARE), from the transcriptional start site of RARh and (b) pRL, a control plasmid constitutively expressing Renilla luciferase (Promega). A mixture of LipofectAMINE 2000 reagent (Life Technologies, Gaithersburg, MD), 3.5 Ag of reporter plasmid ph-RARE-Luc, and 0.5 Ag of pRL plasmid was added, and plates were incubated for 6 hours in serum-free medium. Cells were refed with medium supplemented with serum and, after 24 hours, exposed to 4-HPR, 4-oxo-4-HPR, or RA for an additional 24 hours. Cells were lysed, and luciferase activity was determined using the Dual Luciferase Reporter Assay (Promega) according to the manufacturer's instructions. Renilla luciferase activity was used as an internal control to normalize all the results. Analysis of ceramide levels and ceramide de novo biosynthesis. Analysis of ceramide levels was assessed as previously described (19) . Briefly, 24 hours after seeding, cells were incubated in the presence of 3 Â 10 À8 mol/L [1À H]sphingosine-fed cell cultures and confirmed as previously described (27) . Radioactive lipids were quantified by radioactivity imaging done with a Beta-Imager 2000 instrument (Biospace, Paris, France) using an acquisition time of about 65 hours. The radioactivity associated with individual lipids was determined with the specific h-Vision software (Biospace). The radioactivity associated with cells, lipids, lipid extracts, and aqueous or organic phases was determined by liquid scintillation counting.
To measure ceramide de novo synthesis, cell lipids were pulse labeled with radioactive serine. The day after seeding, A2780 cells were incubated with serine-free medium supplemented with 1 ACi L-[ 3 H]serine in the presence of 10 Amol/L 4-HPR or 4-oxo-4-HPR for 2, 4, and 6 hours. Timematched controls were done as above. After treatment, cell lipids were analyzed as described above. Aliquots of the organic phase were subjected to alkaline treatment (0.6 mol/L methanolic NaOH at 37jC for 3 hours) to remove glycerophospholipids. The analysis of glycerophospholipids in the organic phase was carried out using the solvent system chloroform/ methanol/acetic acid/water, 30:20:2:1 by volume.
Statistical analysis. Statistical significance of differences was determined by the Student's t test. The results were considered statistically significant if P < 0.05.
Results
4-Oxo-4-HPR induces cell growth inhibition in ovarian, breast, and neuroblastoma cancer cells more efficiently than 4-HPR. The growth-inhibitory effect of 4-oxo-4-HPR was tested in a (Fig. 1A-C) . The concentrations required for 50% growth inhibition (IC 50 ) were calculated and reported in Fig. 1D . 4-Oxo-4-HPR was very effective in all the investigated cell lines (Fig. 1A-C) and, notably, it was more potent than the parent drug 4-HPR in most of them (13 of 16), being its IC 50 values two to four times lower (Fig. 1D) . Another noteworthy feature of 4-oxo-4-HPR was its activity against A2780/HPR, a 4-HPR-resistant cell line (ref. 21 ; Fig. 1A) . Conversely, 4-MPR was substantially ineffective in inhibiting cell proliferation on almost all investigated tumor cell lines. The concentration of 4-MPR required for 50% inhibition of cell growth was z10 Amol/L for almost all cell lines. Overall, these results indicate that 4-oxo-4-HPR (a) is a retinoid effective in inhibiting cell proliferation in cancer cell lines with different histotypes; (b) is, in most cases, more potent than 4-HPR; and (c) does not show cross-resistance with the parent drug.
4-Oxo-4-HPR induces G 2 -M arrest in cell cycle progression and alters cell cycle regulatory protein expression. To determine whether 4-oxo-4-HPR growth-inhibitory effect is associated with cell cycle perturbation, the distribution of cells in different phases of the cell cycle was analyzed. The analyses were conducted on ovarian A2780 and A2780/HPR cells, representative of cells sensitive and resistant to 4-HPR and both sensitive to 4-oxo-4-HPR. 4-Oxo-4-HPR caused a statistically significant increase in G 2 -M cell population both in A2780 and A2780/HPR cells ( Fig. 2A) . A concomitant decrease in S as well as G 0 -G 1 cell population was observed. A sub-G 0 -G 1 peak, indicative of apoptosis, was already present at 24 hours in both cell lines. A similar pattern of cell cycle perturbation by 4-oxo-4-HPR was found in a neuroblastoma (SK-N-MC) and a breast tumor (BT-20) cell line (data not shown). In contrast to 4-oxo-4-HPR, 4-HPR induced a moderate increase in G 0 -G 1 cell population, and this occurred only in A2780 and not in A2780/HPR cells.
We determined whether the marked suppression of cell proliferation and the accumulation in G 2 -M provoked by 4-oxo-4-HPR in contrast to the slight G 1 arrest caused by 4-HPR are linked to different alterations in cell cycle regulatory protein expression. As shown in Fig. 2B , the levels of the specific G 2 -M phase regulatory markers cdc25c and p-cdk1 were decreased after 4-oxo-4-HPR treatment in A2780 and A2780/HPR cells, whereas 4-HPR did not alter their expression. In spite of the down-modulation of p-cdk1, the expression of cdk1 was not affected. Cyclin A expression was also decreased, but this effect was not specific for 4-oxo-4-HPR, because it was observed also after 4-HPR treatment but only in A2780 cells. No alteration in the G 1 regulators cyclin B1, cyclin D1, and cyclin E was observed after treatment with both retinoids. The levels of the cdk-inhibitory protein p21 were increased in both 4-oxo-4-HPR-and 4-HPR-treated cells, and this effect was consistent with the increased expression of p53, a p21 regulator. In contrast, p16 levels, which were constitutively lower in A2780/HPR cells than in parental A2780 cells, were not affected by the two retinoids.
4-Oxo-4-HPR induces apoptosis through caspase-9 but not caspase-8 activation. To evaluate whether the antiproliferative effect of 4-oxo-4-HPR was associated with apoptosis induction, we assessed the ability of the compound to induce DNA fragmentation and activation of caspase-3. In A2780 cells, 4-oxo-4-HPR, similarly to 4-HPR, caused an increase in the amount of cytoplasmic nucleosomal DNA fragments (Fig. 3A) and in caspase-3 activity (Fig. 3B ). 4-Oxo-4-HPR caused similar effects in A2780/HPR cells, after both 5 and 10 Amol/L doses. Conversely, in these cells, 4-HPR had a slight effect only after the highest 10 Amol/L dose.
We further investigated the effect of 4-oxo-4-HPR on the activity of the upstream activators caspase-9 and caspase-8. Similarly to that observed with caspase-3 activity, caspase-9 activity was induced in A2780 cells by both 4-oxo-4-HPR and 4-HPR, whereas, in A2780/HPR cells, this effect occurred, even if at a lower extent, only after 4-oxo-4-HPR treatment (Fig. 3C) . No increase in caspase-8 activity could be detected in both A2780 and A2780/HPR cells after treatment with 4-oxo-4-HPR or 4-HPR (Fig. 3D) . Time course analysis at 6 and 48 hours confirmed the lack of caspase-8 induction (data not shown). Lack of caspase-8 induction by 4-oxo-4-HPR and 4-HPR was also observed in IGROV-1, SKOV-3, and OVCAR-3 ovarian cancer cell lines (data not shown).
4-Oxo-4-HPR increases intracellular ceramide levels and ROS. We have previously shown (19) that 4-HPR-induced apoptosis was accompanied by elevation of ceramide levels in A2780 cells, and that resistance in A2780/HPR cells resulted in lack of ceramide induction. The possible involvement of ceramide levels modification in apoptosis induced by 4-oxo-4-HPR was therefore investigated. Cell sphingolipids were metabolically labeled at steady state with [1- 3 H]sphingosine, and, after labeling, A2780 and A2780/HPR cells were treated with 4-HPR or 4-oxo-4-HPR for different times ( from 2 to 72 hours). Treatment of A2780 cells with 4-HPR or 4-oxo-4-HPR increased the production of radioactive ceramide in adherent (Fig. 4A ) and in floating cells (Fig. 4B) only at 48 and 72 hours. In A2780/HPR cells ( Fig. 4C and D) , the incorporation of [1- 3 H]sphingosine into ceramide was not modified by 4-HPR treatment, whereas in cells treated with 4-oxo-4-HPR, there was a statistically significant increase, which was, however, lower than that observed in A2780 cells.
To ascertain whether 4-HPR and 4-oxo-4-HPR are responsible for the early activation of ceramide de novo synthesis in A2780 cells, we did pulse labeling experiments with L-[ 3 H]serine (Fig. 4E) .
Treatment of A2780 cells with 4-HPR or 4-oxo-4-HPR increased the incorporation of L-[
3 H]serine into ceramide with a peak after 4 hours. The increase induced by 4-oxo-4-HPR was higher than that obtained with 4-HPR.
4-HPR is known to generate ROS in certain tumor cell types (16, 28) . To determine whether 4-oxo-4-HPR increased ROS levels in ovarian tumor cells, A2780 cells were exposed for 6 hours to 10 Amol/L 4-oxo-4-HPR or 4-HPR, and ROS were measured using CM-H 2 DCFDA. 4-HPR and 4-oxo-4-HPR increased the mean CM-H 2 DCFDA fluorescence 2.1-and 3.0-fold, respectively, over controls. The addition of 1 mmol/L NAC to 4-HPR and 4-oxo-4-HPR reduced ROS generation (mean fluorescence, 1.4-and 1.8-fold over controls, respectively; Fig. 4F ). However, when the effect of 1 mmol/L NAC was tested on the growth-inhibitory effects of 5 and 10 Amol/L 4-HPR and 4-oxo-4-HPR in A2780 cells, no appreciable effect was observed (data not shown).
4-Oxo-4-HPR and 4-HPR growth-inhibitory effects are RAR independent. We investigated whether 4-oxo-4-HPR and 4-HPR require RARs for their antiproliferative effects. The binding affinity of RA, 4-HPR, and its two metabolites 4-oxo-4-HPR and 4-MPR for RARs was tested (Fig. 5A ). As expected, RA was very effective at competing with [ 3 H]RA for binding to RARa, RARh, and RARg (K i = 0.2, 0.6, and 0.7 nmol/L, respectively), whereas 4-HPR showed only weak competition. Likewise, 4-oxo-4-HPR was >1,700 to 5,600 times less potent than RA in binding to the three RAR types. 4-MPR did not compete for A, levels of fragmented DNA were measured by ELISA assay using a mixture of anti-histone-biotin and anti-DNAperoxidase antibodies as described in Materials and Methods. B, caspase-3 activity was evaluated by measuring the cleavage of pNA-labeled caspase-3-specific substrate, DEVD/pNA. C, caspase-9 activity was evaluated by measuring the cleavage of pNA-labeled caspase-9-specific substrate, LEHD/pNA. D, caspase-8 activity was evaluated by measuring the cleavage of pNA-labeled caspase-8-specific substrate, IETD/pNA. Absorbance at 405 nm. Columns, mean of three independent experiments each done in duplicate; bars, SD. Statistical significance of difference between control and treated group was determined by the Student's t test. *, P < 0.05; **, P < 0.01.
4-HPR and 4-oxo-4-HPR alone produced a 53% and 75% reduction in A2780 cell number, respectively (Fig. 5B) , whereas CD2503 and CD2848 were ineffective. Treatment with the two antagonists did not reverse the reduction in cell number caused by 4-oxo-4-HPR and 4-HPR. To further investigate the hypothesis that the 4-oxo-4-HPR-mediated response is retinoid receptor independent, we measured its ability to activate via a RAR mechanism the transcription of a reporter gene. A2780 cells were transiently transfected with a plasmid containing a h-RARE-controlled luciferase reporter gene, and 24 hours later, they were treated with the indicated retinoid for an additional 24 hours (Fig. 5C ). Although RA strongly activated the endogenous retinoid receptors, 4-oxo-4-HPR showed only a marginal increase in luciferase activity, whereas 4-HPR had no effect. 4-Oxo-4-HPR and 4-HPR combined treatment has a synergistic effect on cell growth inhibition. 4-Oxo-4-HPR concentrations in plasma are slightly lower than those of the parent drug and of 4-MPR (20) . To study the possible influence of the two metabolites on 4-HPR activity, we investigated the effect of the combined treatment of 4-HPR with 4-oxo-4-HPR or 4-MPR on ovarian cancer cells. 4-HPR and 4-oxo-4-HPR were tested at concentrations with minimal activity (IC = 0-25% for each cell line). To mimic the in vivo situation, 4-MPR, which has no growthinhibitory effect, was tested at concentrations similar to those of the parent drug (Fig. 6A) . A synergistic effect (corresponding to a DI >1) was observed in all tested cell lines when 4-oxo-4-HPR was present together with 4-HPR. On the contrary, 4-MPR did not affect 4-HPR activity. The effect of the combination of 4-HPR and 4-oxo-4-HPR at higher concentrations was also explored by counting the cell number surviving at a 3-day treatment. Figure 6B shows that the combination of 10 Amol/L 4-HPR, a clinically achievable concentration (8) , and 10 Amol/L 4-oxo-4-HPR produced, in A2780 cells, a potentiation of the cytotoxic activity of the single agents. Each single agent alone caused less than a two-log reduction in cell number, whereas the combination of the two agents resulted in more than two logs of cell killing.
Discussion
4-HPR is one of the most promising synthetic retinoids tested in the clinic. It is well tolerated (13) , and it has shown preventive efficacy against breast cancer in young women (6), a potential protective effect against ovarian cancer (7), and promising effects in a phase I trial in children with neuroblastoma (8) . Considerable attention has been devoted at investigating the molecular targets implicated in the growth-inhibitory effects of this retinoid. By contrast, little attention has been directed towards an important aspect that may contribute to its activity (i.e., its metabolism). Previous studies have shown that in vitro, cells do not metabolize 4-HPR appreciably (22) , whereas, in vivo, 4-HPR is extensively metabolized to a less polar compound, identified as 4-MPR (30) (31) (32) and to more polar compounds, one of which was recently identified by us as 4-oxo-4-HPR (20). 4-Oxo-4-HPR is present in human plasma and can also be formed in tumor cells through induction of CYP26A1 (20) . In the present study, we show that 4-oxo-4-HPR is a biologically active metabolite with very interesting features, such as higher tumor growth-inhibitory effects than the parent drug, lack of cross-resistance, and synergistic interaction with the parent drug. We also present evidence that 4-oxo-4HPR causes dramatic cell cycle arrest in G 2 -M phase and induces apoptosis and report on molecular mechanisms associated with these effects. , and radioactivity associated with ceramide was quantitatively determined. nCi/mg of cell proteins. Columns, mean of two independent experiments; bars, SD. Statistical significance of difference between control and treated group was determined by the Student's t test. *, P < 0.05; **, P < 0.01. E, to assess the effect of drugs on ceramide de novo biosynthesis, cells were exposed for 2, 4, and 6 hours to either vehicle, 10 Amol/L 4-HPR ( ) or 10 Amol/L 4-oxo-4-HPR (n) with simultaneous addition of L-[ 3 H]serine. Radioactive lipids were extracted and analyzed as described in Materials and Methods and detected by digital autoradiography as described above. The radioactivity incorporated into ceramide was normalized with respect to total cell sphingolipid radioactivity. Columns, mean % time-matched controls of a representative experiment with three replications; bars, SD. When the effects of 4-oxo-4-HPR were tested on a panel of ovarian, breast, and neuroblastoma cell lines, we found that all cell lines were sensitive to the growth-inhibitory effects of the metabolite. Previous studies reported that the oxidized metabolites of retinol (33) and RA (34), 4-oxo-retinol and 4-oxo-RA, respectively, also exhibit strong biological activities. Thus, it seems that the formation of polar metabolites may be an activation step for retinoids. 4-Oxo-4-HPR, besides being effective in all the tested cell lines, seemed more efficient than 4-HPR, because doses two to four times lower caused the same growth-inhibitory effect. The concentrations of 4-oxo-4-HPR in patients treated with 4-HPR have been found, on average, only slightly lower than those of the parent drug (0.52 versus 0.84 Amol/L; ref. 20) . Therefore, our data indicate that 4-oxo-4-HPR can be biologically effective at pharmacologic concentrations and thus might contribute to 4-HPR activity. Moreover, the results suggest that differences in 4-HPR metabolic rates may be involved in differences in 4-HPR response.
Unlike 4-oxo-4-HPR, 4-MPR was ineffective in most cell lines even at high (10 Amol/L) concentrations. We have previously shown that 4-MPR had no antitumor effect in mice bearing a human ovarian carcinoma and did not increase 4-HPR activity (35) . Even if in vitro growth-inhibitory effects of 4-MPR have been reported (36) , most in vitro data support our findings of lack of activity of 4-MPR even at 20 Amol/L concentrations (14) . Therefore, the contribution of 4-MPR to the in vivo efficacy of 4-HPR seems to be unlikely.
An important finding with potential therapeutic implications was the lack of cross-resistance between 4-oxo-4-HPR and the parent drug. In A2780/HPR cells, resistance to 4-HPR was not associated with differences in sensitivity to 4-oxo-4-HPR. This clearly indicates that 4-oxo-4-HPR exerts its growth-inhibitory effects through mechanisms of action different than those of 4-HPR. Similarly, we had previously shown that A2780/HPR cells do not display any resistance to another apoptotic inducing retinoid, CD437 (21) , whose apoptotic-inducing effects diverge from those of 4-HPR (37) . We thought that taking advantage of the lack of crossresistance of 4-oxo-4-HPR with 4-HPR, we could have provided information on molecular pathways involved in 4-HPR resistance. All the investigated molecular pathways were similarly modulated by 4-oxo-4-HPR in A2780 and A2780/HPR cells. As A2780/HPR cells are not only sensitive to CD437 but also to apoptotic-inducing chemotherapeutic agents, like cisplatin and taxol (data not shown), our data suggest that resistance to 4-HPR in A2780/HPR cells do not involve primary alterations in the function of general proapoptotic factors but rather modifications in the specific 4-HPRapoptogenetic pathway. The results of the combination of 4-HPR and 4-oxo-4-HPR in four ovarian carcinoma cell lines suggest that the presence of 4-oxo-4-HPR might not only increase 4-HPR activity in 4-HPR-sensitive cells but also overcome 4-HPR resistance. Similar to our findings, in cells resistant to 4-HPR and sensitive to RA, the combination of the two retinoids resulted in increased effect (38) . These data indicate that the combination of retinoids with different mechanisms of action might be an effective method to improve the efficacy of these compounds. Of particular interest is the fact that 4-oxo-4-HPR antiproliferative effect was associated with induction of cell cycle arrest different from 4-HPR. Cells treated with 4-oxo-4-HPR showed a marked accumulation in the G 2 -M phase of the cell cycle, whereas in those treated with 4-HPR, this regulation occurred, as reported in other cell lines (27) , in the G 1 phase. The effect of 4-oxo-4-HPR on cell cycle seems to be mediated through modulation of the G 2 -M regulators cdc25c and cdk1. The levels of cdc25c and the phosphorylation of cdk1 were reduced only by 4-oxo-4-HPR. It is known that the active, dephosphorylated form of cdk1/cyclin B1 is devoid of kinase activity when associated with the cdk inhibitor p21 (39) . The concomitant reduced phosphorylation of cdk1 and the increase of p21 levels mediated by 4-oxo-4-HPR may explain the G 2 -M arrest caused by the retinoid. In addition to the regulation of molecules specifically involved in G 2 -M progression, 4-oxo-4-HPR modulated, similarly to 4-HPR, the expression of other cell cyclerelated proteins. Both retinoids induced the expression of p53. p21, whose expression is usually induced by p53, was also upmodulated, and cyclin A, whose expression can be transcriptionally repressed by p53, was down-modulated by both retinoids. The effect of 4-HPR on p53 expression seems to differ according to the cell line. The expression of p53 was not affected by 4-HPR in many systems (28, 40, 41) . However, there are just as many systems in which p53 was up-modulated following 4-HPR treatment, and the expression of p21 was also increased (42-44) as we observed in A2780 cells. Other cell cycle-related proteins, such as cyclin B1, cyclin D, cyclin E, and p16, were modulated neither by 4-oxo-4-HPR nor by 4-HPR, suggesting that they are not directly involved in the effect of the two retinoids on cell cycle.
Unlike natural retinoids that often induce differentiation, a number of synthetic retinoids, including 4-HPR, cause tumor cell growth suppression through induction of apoptosis (3). We assayed whether 4-oxo-4-HPR-dependent cell death was associated with induction of apoptosis and whether this occurred through caspase activation. In A2780 cells, caspase-3 activity was induced by both 4-oxo-4-HPR and 4-HPR. By investigating which upstream caspase was involved in the apoptotic cascade, we found that caspase-9 was activated by both retinoids, whereas neither 4-oxo-4-HPR nor 4-HPR activated caspase-8 in five investigated ovarian cancer cell lines. It has been shown that caspase-8 activation is involved in 4-HPR-induced apoptosis in some ovarian carcinoma cell lines, whereas it is not necessary in others (45) . Caspase-3 and caspase-9 were modulated by 4-oxo-4-HPR also in A2780/HPR cells, showing that these steps in the apoptotic pathway are not defective and thus not responsible for 4-HPR resistance.
4-HPR has been shown to act by increasing the cellular levels of the proapoptotic sphingolipid ceramide in several tumor cell lines (46), including A2780 cells (19) . We have previously reported that 4-HPR treatment increased ceramide levels in A2780 cells, whereas in A2780/HPR cells, ceramide generation was not detected (19) . Here, we present evidence that also apoptosis induced by 4-oxo-4-HPR is accompanied in its terminal stage (after 48-72 hours) by increased ceramide levels, probably deriving by hydrolysis of complex sphingolipids (i.e., sphingomyelin). In pulse-labeling experiments with L-[ 3 H]serine, 4-HPR and 4-oxo-4-HPR caused, at early times of treatment (2-6 hours), an increased incorporation of radioactivity into ceramide, likely reflecting the activation of serine palmitoyltransferase, the key enzyme of sphingolipid de novo biosynthesis. This observation is in agreement with previous reports on the ability of 4-HPR to stimulate ceramide biosynthesis in neuroblastoma and prostate cancer cells (46) and suggests that serine palmitoyltransferase might represent a common point in the mechanism of action of 4-HPR and 4-oxo-4-HPR.
It has been reported that 4-HPR increases ROS, and that antioxidants inhibit 4-HPR induced apoptosis in some tumor cell systems (16, 28, 47) . In A2780 cells, both 4-oxo-4-HPR and 4-HPR increased the rate of ROS generation. However, their cytotoxicity was not antagonized by the antioxidant NAC, suggesting that in this cell system, signaling pathways leading to the production of ROS are not required for the apoptosis induced by the two retinoids.
Investigations on the mechanisms responsible for retinoids effects on cell growth have suggested that natural retinoids, for the most part, act through activation of RARs and RXRs (3), and, by contrast, most synthetic retinoids engage other signaling pathways (3, 37) . Because 4-HPR has been shown to act through both RARdependent (14, 15) and RAR-independent (15) mechanisms, it was important to determine the role of RARs in mediating the growthinhibitory effect of 4-oxo-4-HPR. In A2780 cells, the mechanism by which 4-oxo-4-HPR induces growth inhibition seems to be independent of nuclear retinoid receptors. High-affinity RARa (CD2503) and RARh/RARg (CD2848) antagonists did not inhibit the effect of 4-oxo-4-HPR and 4-HPR on cell survival. Consistent with a retinoid-independent effect, 4-oxo-4-HPR and 4-HPR were found to be weak ligands (thousand times weaker than RA) for all three subtypes of RAR and poor activators of the A2780 endogenous RARs (more than six times weaker than RA). Similarly to our findings, 4-HPR failed to transactivate RARs in CV-1 cells, which constitutively expressed them. However, such an effect was detected in the same cells when transfected with RARs (14) . Moreover, it has to be pointed out that in A2780 cells, the same cell line tested here, 4-HPR was able to modulate RA target genes, such as RARh2 (48), CYP26A1, and CRBP-I (20) , thus suggesting that 4-HPR can have RAR-dependent effects, which, however, do not seem to be responsible for its growth-inhibitory effects.
In conclusion, the 4-HPR metabolite 4-oxo-4-HPR is a retinoid endowed with potent antiproliferative and proapoptotic effects in ovarian, breast, and neuroblastoma tumor cells; therefore, it might contribute to the in vivo activity of 4-HPR. As achieving increased biological potency is an important clinical goal, the results also suggest that 4-oxo-4-HPR might be proposed as new agent for cancer therapy and support further preclinical investigations. Furthermore, the demonstration of activation of different pathways and of the synergistic interaction between 4-oxo-4-HPR and 4-HPR represent the basis for a potential therapeutic use of the combination of the two retinoids to improve 4-HPR activity and/ or to overcome 4-HPR resistance.
